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ABSTRACT

Numerous allied trees, shrubs, and herbs inhabit the discontinuous mixed deciduous hardwood and
conifer-hardwood forests of Holarctica. Their close ancestors occupied middle and high latitudes into
the Middle Miocene (15-16 m.y.a.). As the forests retreated southward and were disrupted by spreading
colder and drier climates following Antarctic glaciation (13 m.y.a.), numerous paired or allied species
(or sections, series) originated and have survived in the disjunct segregate forests across Holarctica.
In addition, all major climatic-topographic provinces served as centers of evolution from which taxa
have not ranged widely. It is this latter pattern to which oaks conform most closely. Only species of
allied subsects. Prinoideae and Diversipiloseae had an Holarctic occurrence, occupying lands above
latitude 60°N during the late Cretaceous and Tertiary. Although climate was favorable for numerous
deciduous hardwoods and conifers at high latitudes, taxa of most Quercus sections and subsections
have been confined to one continent or to parts of them where they ranged somewhat more widely
during the Tertiary. The rarity of Tertiary oaks linking Eurasia-North America may owe to the light
factor (long day) at the north: fully four-fifths of all oak species occur below latitude 30-35°N and
only six or seven reach latitude 50°N. Proliferation into 280 to 300 species was chiefly in response
to spreading drier and colder climate that commenced in the middle Eocene, to increasing topographic
diversity in the later Cenozoic, and to fluctuating Quaternary climate. At times of major climatic
shifts or increased relief, oaks responded opportunistically, probably by quantum sieps (punctuated

equilibria) that account for the numerous series.

Oa]fs have left a rich fossil record in North
America and Eurasia. This is expectable for the
lumerous species have hard, durable leaves that
= preservation, each large, spreading tree
sheds thousands of leaves yearly, of which a few
Or many) may contribute to an accumulating
recofd’ and they occur in many environments
;’:ﬁ 233& Oom 10\}1 to middle-high latitudes. Some

. e 00 species are present today,? with therr
Principal areas of concentration in Mexico-Cen-
z:laﬂ\emerica and -southeastern Asia, and yith

I areas of differentiation in the Mediter-
g"awn Basin and southcentral United States.
er;:el‘ange from the {nontane tropics., where ev-
whe re"g‘:k"a are prominent, to near latitude S0°N,
ke + § are deciduous; Quercus petraea and
reachin alve. the most .northerly .dlstrl.buuons,
trees a gd alitude 60°N in the Baltic region. The

ve aga shrubs, poth evergreen 10 deciduous,
b mon pted to c.llmat‘es ranging from the equa-
e lane tropics, with a twelve-montp grow-
boreal t?“’ o negr the bord§m of subalpine and
Months Olrests, with a growing season of thrf:e
- N terms of precipitation, they occur 1n

\—

most climates from perhumid montane tropical
and temperate regions to the borders of deserts
and in areas of very diverse seasonal distribution
of precipitation. Some oaks are confined to spe-
cific edaphic conditions, as serpentine (. dura-
ta), sand barrens (Q. incana, laevis), limestone

rocks (Q. fusiformis), and swamps (Q. palustris).

OLDER RECORDS OF FAGACEAE

Megafossils that can reasonably be assigned to
the three subfamilies were in existence in the
later Cretaceous. Fagoideae were then repre-
sented by Fagus and Nothofagus, Castaneoidae
by Castanea and probably Castanopsis and
Lithocarpus, and Quercoideae by Quercus. That
Quercoideae were in existence in the Cretaceous
is implied also by the occurrence of Trigonobala-
nus in the montane rain forest (elev. 1,500 m)
of Colombia (A. Gentry, letter of April 1982),
disjunct from Yunnan, Thailand, and Borneo:
connections probably were via Africa across a
narrower Atlantic on islands and old pre-Cam-
brian highs that have since been removed by
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erosion (Raven & Axelrod, 1974). The megafos-
sil and distributional data agree generally with
the pollen record (Muller, 1981). Pollen of the
subfamilies Castaneoideae (Castanea, Casta-
nopsis, Lithocarpus) and Fagoideae ( Fagus,
Nothofagus) occur in the Cretaceous [Santonian,
80 million years ago (Ma)]. The first reliable pol-
len records of Quercoideae are Oligocene, prob-
ably because the grains are not especially dis-

tinctive; certainly, undoubted oak leaves are in
much older rocks.

Most Quercus species from older Tertiary rocks
can scarcely be referred to modern species, al-
though they foreshadow them in foliar type.
Members of sects. Leucobalanus and Erythro-
balanus were present in the Eocene and Paleo-
cene, and members of subsect. Prinoideae were
also present. Oaks were already diverse in the
late Eocene, as shown by nine species in the Flo-
rissant flora (MacGinitie, 1969) that reflect ad-
aptation to subhumid climate. Fossil leaves
probably assignable to subgenus Protobalanus (cf.
chrysolepis) are in the Florissant flora but are not

now known from older horizons. Diversity of

oaks increased in the Oligocene and by the Mio-
cene many essentially modern species were pres-
ent. Records of their past distribution provide
reliable clues to the Tertiary history of the genus.

NEOGENE DISTRIBUTION PATTERNS
IN HOLARCTICA

To evaluate the historical biogeography of oaks
in the temperate forests of the Northern Hemi-
sphere, it is appropriate to review the distribu-
tion of taxa associated with them and that still
live with their descendants. Neogene floras of
middle and higher latitudes are made up of species
derived chiefly from mixed deciduous hardwood
forests that gave way to conifer-hardwood and
then to pure subalpine conifer forests in cooler
regions. Many of the fossil floras occur now in
areas that support sclerophyll woodland, steppe,
grassland, desert, taiga, and tundra vegetation
that displaced the rich lemperate forests as con-
ditions became drier and colder following the
middle Miocene. The general composition of the
Neogene floras reviewed here is in terms of the
geographic occurrences of modern taxa allied to
fossil species, with special note taken of the pres-
ence of oaks in floras that are scattered across

Ho!arctica. It 1s these occurrences that clarify
their history.

floras of the far West are similar to taxa now in
the eastern United States (Fig. 1). These species
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of Alnus, Acer, Carpinus, Carya, Diospyros, Fa-
gus, Hamamelis, Ilex, Juglans, Liriodendron,
Magnolia, Nyssa, Ostryva, Persea, Prunus, Quer-
cus (cf. bicolor, borealis, coccinea, falcata, im-
bricaria, muhlenbergii, prinus, velutina), Sassa-
fras, Taxodium, and Ulmus occur at many
localities. They were associated with forest trees
and shrubs similar to those now in the West,
distributed in Abies, Alnus, Chamaecypari,
Cornus, Fraxinus, Gaultheria, Picea, Populus
Quercus (chrysolepis, kelloggii, gambelii, lobata),
Sequoia, Tsuga, Vaccinium, and others.

Associates of the Neogene species in the wesi-
ern United States (Fig. 1) also included taxa thSC
nearest counterparts are now in eastern Asia (flg.
2), notably species of Alnus, Betula, Cercidi-
phyllum, Exbucklandia, Ginkgo, Hydranged
Ilex, Lindera, Paulownia, Phoebe, and Zelkova

Fossil oaks in the Neogene of the West pre:
viously reported to have Asian affinities (¢.8, ¢
myrsinaefolia, Q. stenophylla) need reexamind
tion; most of the records certainly are not of
Asian alliance. Furthermore, the absence of 0§k5
in the Paleogene of Alaska, apart from Speci®
of subsects. Prinoideae-Diversipiloseae, Taises &
problem as to the identity of Paleogene oaks (.2
Q. nevadensis Lesq.) previously suggested 10 have
southeast Asian affinity. Actually, the nervat{‘;:‘i
of Q. nevadensis shows it is more nearly alh'th
to Lithocarpus densiflorus than 10 Q. glauca, W
which it has been compared; this implies pro‘b-
able late Cretaceous connection with east A;‘t
probably via Europe and across a narrower y
lantic. The Paleogene La Porte, Weaverville, aﬂn
Goshen floras of western California and Orcgtl.
have oaks that have been compared W“h Me
ican species, as Q. durangensis, conzatiih mag:
noliaefolia, and xalapensis. |

In western Europe, there are fossl
species similar to those now in the €as z
States (Fig. 3), distributed in Acer, Berchf'zlf;’.
Betula, Carya, Diospyros, Fagus, J uglam.
uidambar, Liriodendron, Magnolia,
Nyssa, Ostrya, Persea, Picea, Quercis
Sabal, Sassafras, Taxodium, and Ulmus. =%
associates included taxa allied to thos€ noa,,.
western Europe, distributed in Acer, B! ula, s
nus, Larix, Pinus, Populus, Quercus (pi'ditcf‘
pubescens, robur), or in the extended .M {ce.
ranean (Tethyan) region, notably ADIES: C oltiS.
Callitris, Carpinus, Castanea, Cedrus, ° Pi-
Cercis, Cornus, Fraxinus, Juglans, ‘
nus, Platanus, Ostrya, Quercus (Caf’ ﬂ )
cerris, coccifera, ilex. libani, mirbeckii, 555
suber), and Zelkova.

| records of
tern Uﬂltcd
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FIGURE 1. Many taxa now in eastern United States are represented by closely similar species 1n Neogene
floras of the Far West.
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FiGuRg 3, Many species now in eastern United States have similar species in the Neogene of western Eurasia.
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Some fossil oaks in western Europe have been
compared with species now in the eastern United
States (e.g., phellos, virginiana) or Mexico (xala-
pensis). These need restudy before they can be
accepted as authentic records; judging from the
illustrations, they can be matched by Eurasian
taxa.

In western Europe there are also Neogene
species allied to taxa now in eastern Asia (Fig.
4), including species of Acer, Betula, Carpinus,
Cathaya, Cephalotaxus, Cinnamomum, Eu-
commia, Fagus, Ginkgo, Glyptostrobus, Gordo-
nia, Juglans, Larix, Liquidambar, Quercus (cf.
serrata, variabilis), Sapindus, Tilia, Torreya,
Wisteria, and Zelkova. They were associated with
fossil species related to those now in western
Europe and eastern North America (Fig. 3).

There also are Neogene fossils in Japan that
are allied to taxa now in the eastern United States
(Fig. 5). These include species of Acer, Betula,
Carya, Carpinus, Cercis, Comptonia, Fagus, Ju-
glans, Liriodendron, Nyssa, Platanus, Populus,
Robinia, Sassafras, and Taxodium. Some of the
disjunct taxa are quite similar, as in Acer sect.
Rubra (Fig. 6), having been derived from a com-
mon, widespread northern species [A. trilobatum
(Sternb.) Al. Braun]. The associates of these
species in eastern Asia were primarily taxa re-
lated to those now confined to that general area.
Among the species of Quercus recorded in China-
Korea-Japan are taxa allied to Q. aliena, acutis-
sima, dentata, gilva, glauca, mongolica, myrsi-
naefolia, phillyraeoides, serrata, and variabilis.
They are especially abundant in the Miocene flo-
ras of the region but rare to absent in older floras.

Some reports of otherwise wholly temperate
American taxa in Japan probably are not valid.
Acer sect. Saccharina, recorded as fossil from
Washington to Nevada, is reported from samaras
in Japan (i.e., A. yoshiokensis. Tanai & Suzuki,

1960), but they are quite similar to those higured
as A. pseudogianella; the leaves may represent a
species of Acer sect. Campestre. Acer sect. Mac-
rophylla, represented only by A. macrophyllum
of the Pacific States, has numerous fossil records
in Washington, Idaho. Oregon, and Nevada.
Some leaf fossils in the Neogene of Japan (i.e.,
A. protodistylum Endo) have been compared with
macrophyllum but appear to represent a maple
more nearly allied to distylum. Miocene lobed
oaks recorded from Japan (Tanai & Yokoyama,
1975) were compared with Q. alba and lyrata.
However, similar leaves from Primorye (Ablaev

et al., 1974;: Ablaev & Gorovoi, 1974) more
probably represent sect. Cerris (cf. Q. cerris L.,
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in Camus, 1936-38, pl. 65-66) as judged from
the nature of the leaf lobes. A reported possible
red oak (subsect. Rubreae) from Primorye (Al-
baev & Gorovoi, 1974) appears to be a terminal
leaflet of Acer (cf. negundo).

To complete the picture, it is recalled that a
number of species in the western Miocene floras
from the latitude of central California-Nevada
southward have their nearest allies in the sub-
humid woodlands that dominated the Madrean
province of the southwestern United States and
Mexico (Axelrod, 1958). Among these are species
of Arbutus, Bumelia, Celtis, Diospyros, Cerco-
carpus, Malosma, Peraphyllum, Populus, Rhus
and Sapindus. Many oaks are recorded, includ-
ing those allied to Q. arizonica, brandegeei, di-
mosa, emoryi, mohriana, and oblongifolia. Thc
Paleogene floras in the interior include taxa sim-
ilar to those in warmer, subhumid climates of
Mexico and the Southwest. Xeric oaks in t.hc
Florissant flora (35 Ma) suggest alliance with
Q. brandegeei, chrysolepis, dumosa, incarnaid
lobata, and undulata. They formed woodlands
bordering temperate mixed deciduous forest that
covered moister valleys and slopes that included
species allied to those now in eastern and Wesiert
North America and eastern Asia (MacGInilic;
1953). The Middle Eocene Green River flora,
allied largely to species contributing t0 vegeld-
tion now in west-central Mexico (Jalisco), has
oaks comparable to benthamii and pOIY’"U’p.ha

(MacGinitie, 1969).

As indicated in Figures 1-3, some forest mxa
that occurred widely across Holarctica 4 1
to species now in relict or restricted areas, SUQa
as Ginkgo (Fig. 7), Pseudotsuga (Fig. 8), SqquO;a
(Fig. 9), Liriodendron (Fig. 10), Juglans cmeru
(Fig. 11), Cercidiphyllum (Fig. 12). .P ter .ocalf;)
(Fig. 13), Zelkova (Fig. 14), Eucommid (Fig.
and Ailanthus (Fig. 16) (for others,
1963:; Walter/Straka, 1970; Meusel et al.,
1968).

or subsections) now have more
butions, such as discontinuous bet“{CC
tinents for Acer sect. Macrantha (F1g.
ulus sect. Aeigeros (Fig. 23), Acer secl.
(Fig. 24), or Acer sect. Rubra (Fig. 6).
others are discontinuous on a (:ontm.en
sect. Saccharina (Fig. 25). Some section
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FIGURE 7. Ginkgo, now confined to eastcentral China (+), had a wide Holarctic distribution from the
Paleocene into the Neogene as indicated by some of its fossil localities (@).
}
d |
| . +)m
FIGURE 8. Pseudotsuga is widespread today in western North America but has only relictual stands | l

eastern Asia. Fossil localities (@) indicate its wider distribution in the past.




1983] AXELROD—OAKS 635

FIGURE 10.  Liriodendron is disjunct between the eastern United States and China. Some of its fossil localities
®)shown here attest to its former Holarctic occurrence.

%
|
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: f the
"FIGURE 13. Pterocarya species are confined now to eastern Black Sea region (+), the south shore 0

Caspian Sea (+), and to central China and Japan. The fossil species (@) had a wide distribution.

.

. ted now 1
FIGURE 14. Species of Zelkova had a wide distribution into the later Neogene (@) but arc restrict
the eastern Mediterranean-Caspian Sea region (+) and to China, Japan-Korea.
j
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FIGURE 19. Modern species of Betula sect. Costatae are disjunct in Holarctica. Asian species are not io¥

definitely known from western United States. The numerous species in eastern Asia imply evolution in that
general area.
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FIGURE 20. Taxa of Acer sect. Negundo are now widely disjunct but formerly lived at numero
the region. Species of the alliance are recorded from the Eocene.
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FI.GURE 22. Species of Acer sect. Macrantha ser. Macrantha are concentrated in eastern Asia, with a single
sb?ecxes in eastern North America. East Asian maples of this alliance are not presently known from western
orth America.
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FIGURE 25. Acer sect. Saccharina is represented by disjunct taxa now in the Cordilleran region and easl

» . . . » . t
North America. Fossil species allied to saccharum and grandidentatum had a wider distribution in the far Wes
into the Miocene.

sections are localized, as Pinus subsect. Australes contributed to the temperate Arcto-TemaW f;”‘
(Fig. 26), Acer sect. Campestris (Fig. 27), Pinus ests into the Miocene. As emphas{zed earlz
subsect. Ponderosae (Fig. 28), as well as others (Axelrod, 1959: 261-269), each region had lru
such as Pinus subsect. Cembroides and Acersect. own unique taxa, those typical of the western
Glabra of western North America. The fossilrec-  United States, the eastern United States, westt‘:re ‘
ord shows that these (and other) alliances are Europe, and eastern Asia, and they ar¢ not =
represented by similar taxa in the same general corded far from their present areas: this 'lsilar
region as their present areas: they have not ranged pecially true of the oaks (see below). A 513:

widely and seem to be in regions that represent statement applies to the Madrean and Te f:
their centers of origin. floristic regions, characterized by numerous ‘

humid and semiarid autochthonous 1ax4 that l‘_i;'
terfingered with temperate forests 10 the “l‘: f
and subtropical ones to the south. In €4 =3
The allied taxa in these disjunct areas of Ho-  these regions where ancestral taxa ranged

: : ; : ‘cen more
larctica represent the derived, broken links that  widely, grasslands and deserts have arise

DISCUSSION
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FIGURE 26. Members of Pinus sub
Islands. So 10 !
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FIGURE 27. Members of Acer sect. Campestris are confined chiefly to the Mediterranean basin apart from
A. campestre, which ranges more widely. Fossil species of this alliance are common in the area of their present

occurrence.

ecently to disrupt their former distribution across
middle latitudes, and colder taiga and tundra cli-
lma}tes have di§rupted their occurrence at higher
dlitudes. Their past continuity is demonstrated
ot 901)'. by fossil records scattered across Ho-
?fml::at:; hfls been infe.rr.ed alsq from the nature
Colchic 4 In the surviving relict forests in the
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£ 28.  Species of Pinus subsect. Ponderosae have proliferated in the upl

| Mates mbly their ““center of origin.” Fossil pines allied to the group arc record

these disjunct areas have allied taxa in numerous
genera (see Meusel et al., 1965, 1968), including
sensitive mesic forest herbs that still link the
widely separated relict forests that were 1solated
by spreading drought and cold over middle and
higher latitudes following 13 Ma (Axelrod & Ra-
ven, 1972: 227; Axelrod, 1979).

The associated herbaceous understory of the
mixed forest is largely unknown in the fossil rec-
ord, apart from a few seed floras in western Eu-
rope, Siberia, and Japan. The former do contain

il

ands of Mexico-Central AmCﬁm,
ed widely in the western United
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taxa now 1n eastern Asia and eastern North
America (reviewed in Leopold, 1967, 1969). The
related herbaceous forest species now on separate
continents are in Actaea, Anemone, Asarum,
Carex, Circaea, Dentaria, Eryvthronium, Gali-
um, Geranium, Impatiens, Luzula, Panicum,
Oxalis, Poa, Ranunculus, Senecio, Thalictrum,
Sanicula, Veratrum, Viola, Waldsteinia, and
many others (see Kornas, 1972; Meusel et al.,
1965, 1968). As might be expected, there are
more bi-continental species between Europe and
Asia than North America (Meusel, 1968, 1969:
Meusel & Schubert, 1971). The European

species are especially rich in the Colchic forests,
and in Asia they are in relict deciduous forests
of the Caucasus, Elbruz, and Himalayas and in
the scattered higher mountains of arid central
Asia that link the European and east Asiatic cen-
ters. The present arid central Asian region sup-
ported broadleaved mixed deciduous forests into
the middle Miocene (reviewed in Axelrod, 1979).
Stebbins noted that there are similar herbaceous
groups confined to eastern Asia and eastern
America, not only in families regarded as gen-
erally “primitive” (Berberidaceae, Liliaceae, Ra-
nunculaceae) but in advanced families (Orchi-
daceae, Poaceae, Polygonaceae). The disjunct
species, as in Antenoron (= Tovara), Brachyely-
trum, Cypripedium, and Polygonum, are scarcely
different and at most are only varietally or sub-
specifically distinct; these herbs are not only an-
cient, they have changed but little over the past
15 million years. Clearly, “the evolution of her-
baceous elements (in the mixed deciduous for-
ests) has been as slow as that of the woody species™
(Stebbins, 1947: 152).

Comparison of species in the derived (segre-
gated), temperate mixed-deciduous forests of
North America, Europe, and Eastern Asia shows
that many of the allied taxa (paired species, allied
sections, series) have similar ecologic occur-
rences, occupying comparable habitats in anal-
Ogous (segregate) plant communities. Their sim-
tlar phyto-sociological relationships imply that
their ecologic tolerances have not changed great-
ly since the middle Miocene (15 Ma), a time
when continuous mixed deciduous and conifer-
hardwood forests still linked Asia-North Amer-
Ica (via Beringia) and Europe-North America (via
Iceland-Greenland). Clearly, the North Ameri-

can and Eurasian paired-taxa are descendants of

common ancestral forms that contributed to the

Arcto-Tertiary forests (Medwecka-Kornas, 1961:
Kornas, 1972). ’
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BEARING ON ARCTO-TERTIARY CONCEPT

The preceding data, as well as those presented
in Figures 1-28, certainly demonstrate the for-
mer continuity of a rich temperate forest flora
across northern to central Holarctica. It was first
termed an ‘“‘Arcto-Tertiary element” and then
formalized into the Arcto-Tertiary Geoflora (re-
viewed in Wolfe, 1977). Recorded in the Paleo-
cene to Eocene of Spitzbergen, Greenland, Si-
beria, Ellsemereland, and northern Canada, by
the middle and late Eocene temperate fores!
woody taxa ancestral to modern species had al-
ready occupied mountains in the central Cor-
dilleran region (Challis and Salmon floras, [daho:
Yellowstone flora, Montana; Bull Run, Copper
Basin. Elko floras, Nevada). As climate progl'FS'
sively cooled following the late Eocene, evolw.'lns
taxa in the temperate forest flora shifted 1010
lowland basins, first in the interior and then the
coastal strip. By the Miocene many woody 12X
were scarcely separable from living species.

Reports of the demise of the Arcto-Tertiary
Geoflora “have been greatly exaggerated.” The
basis for that belief stems partly from the de-
scription of a late Middle and Upper Eocent
tropical flora from coastal Alaska (Wolfe, 1972,
1977), which was then at a latitude near 70°N
(Smith et al., 1981). It has been evident 10 M€
for a decade (unpubl. manuscript) that the ﬁfm’
which occurs in the marine Kushtaka F ormatloﬂ;
is allochthonous. This agrees with the tjact thif.
later Eocene floras from middle and high l:::v
tudes in Furasia and North America regular
contain temperate forest taxa. Furthermore. 8‘3‘;
logic evidence (Cowan, 1982) indicates that I\)vaas
of coastal southeast Alaska (Baranof Island)

allochthonous (Grantz et al., 1982; B
al., 1982; Hamilton, 1983). An allochth®
origin also disposes of the geothSIC‘ill P 0 8
that an Eocene tropical flora and clhimale i
stable, coastal Alaska presents, notably 0’;1 A
which “the axis of rotation of the earth f‘?ayﬁon..
had a much less—possibly no—inchna
(Wolfe, 1977: 37). :
As for the source of the Arcto-Tertiary W
woody forest flora has 1ts roots
subtropical alliances (Axelrod,
this symposium). It is probable that
Arcto-Tertiary and late Cretaceous
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kane, Grand Coulee, 49 Camp, Succor Creek)
that bordered local ponds and lakes formed by
damming by the Columbia River plateau basalts

forest flora of conifers and deciduous hardwoods
originated over middle (temperate) latitudes, es-

— —— L —— — — -

— .

pecially in montane areas, and thence spread
northward to high latitudes in response to cooler
chmate. Documentation of such a history will
depend on a closer dating of presently known
floras as well as finds of new ones. Certainly the
lemperate aspect of the early Paleocene Fort
Union flora (Brown, 1962) from Montana-Wy-
oming-Dakota and northward, with its temper-
ate conifers (Glyptostrobus, Metasequoia, Tax-
odium) and abundant dicots with serrate leaves
as in grape, walnut, tupelo, cherry, oak, hickory,
hackberry, chestnut, elm, zelkova, hazelnut, ma-
ple, and many others, is consistent with this in-
ierpretation, as is the later occurrence of more
modern temperate dicots at higher latitudes. It
IS Supported also by the more archaic character
of taxa in the high arctic late Cretaceous-Paleo-
tene floras, paralleling the persistence of a flora
of*Late Jurassic-Aptian” aspect at high latitudes
When early angilosperms were already in the low-
'ands at lower latitudes and spreading polewards
(Axelrod, 1959).

T'he preceding distributional and phyto-socio-
logical evidence show that in spite of slight to
Moderate morphological differences, the ecologic
‘olerances of scores of temperate taxa have not
Chapged greatly. This statement conflicts with the
2otion (Mason, 1947; Wolfe, 1969: 197, 1972:
230,1977: 47) that numerous Tertiary forest taxa
have changed their physiology and have shifted
'0 new vegetation zones. The examples purport-
:)(tihteo support tl?is notion can be interpreted In
I tways. For instance, species of Arctostaphy-

S, Arbutuysy, Ceanothus, Cercocarpus, Colubri-
::}aca" rva, Heteromeles, Holodiscus, Karwin-
Umb'e”Lyoonothamnus, Peraphyllum, and
e ularia are reported from the Miocene of
smes":heﬂern Oregon. Wolfe (1969, 1972, 197?)
forest at they were part of a mixed mesophytic
SCIero’ gOt membe}'s of the subhumid. Mac.irean
Whichph yll vegetation of the southern interior to
ey € believes they adapted later in the Mio-
S Clually, nearly all of these examples have

: recorded. in older floras of drier aspect in
noms:’“them interior. Their occurrence at the
ofM; Probably was favored by the constmctnpn
the 1 ‘?;cne volcanos‘ along the Cascade ax1s,.w1th
i sits and breccias providing well.-dramec.i,
valley foers on Sl.opc‘:s adjacent to the rich mesic
ally g €S1s. Significantly, .these taxa are essen-
nearby sent from large Miocene floras of the

f€gion (Mascall, Blue Mountains, Spo-

in a region of generally low relief and high water-
table.

The suggestion that the Madrean taxa from the
Miocene of northwest Oregon had only a tem-
porary, seral relation on drier volcanic slopes in
that area 1s paralleled by distributions that re-
sulted from the late Quaternary climatic fluctua-
tions. Some Californian taxa that range far north
inhabit the warmest, driest available sites that
were invaded only since the last glacial. Arbutus
menziesii occurs on dark (heat-retaining) meta-
volcanic rocks on Vancouver Island, rocks that
were covered by ice only 12,000 years ago. Quer-
cus garryana is confined to drier slopes in west-
central Oregon and southern Washington, an
area it invaded in post-glacial time (Hansen, 1942,
1947). The oak groves in the Puget Sound area
are being actively invaded by Pseudotsuga forest
and have only a seral relation (Franklin & Dry-
ness, 1973: 89). The same relationship 1s 1m-
plied by Vaccinium ovatum, a common member
of the closed-cone pine forest of California that
ranges northward into Washington, and was cit-
ed by Mason (1947) as an example of floristic
instability. Its nearest ally, V. confertum, occurs
in the closed-cone pine forests (FPinus sect.
Oocarpeae) of Mexico where there are many re-
lated species that also make up the Californian
coastal pine forests (Axelrod, 1977: 171, 1980).
Ecologic studies (Franklin & Dryness, 1973:
85-86) show that V. ovatum borders the coastal
forests to the north and has only a seral relation,
occupying open, drier sites that presumably are
relict from the warmer Xerothermic and more
recently from logging and fire. The occurrence of
these and many other typically Californian taxa
far to the north has been discussed by Detling
(1953, 1958, 1961) for Oregon and by Schofield
(1969) who reviewed the floristic makeup of the
“Mediterranean” climatic portion of southern
Vancouver Island and southwestern British Co-
lumbia. As they emphasize, the “Califormian™
species are not an integral part of thc? climgx
conifer forests but occur in open, sunnier, drier
areas for the most part, and entered this region
only since the last glacial, most probably during
the Xerothermic (also in Axelrod, 1966: 42-
55). It thus seems unlikely that 'forest taxa have
greatly changed their physiolognc.requnrcmcnts.
shifting to wholly new associations. Furth.er-
more, since rapid, severe environmental shifts
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FIGURE 29. Oaks of the allied subsects. Prinoideae and Diversipiloseae are confined now to separate contr
nents. Fossil species of these alliances were widespread across middle and high latitudes into the Miocene.

like those of the Quaternary are not documented
for the Tertiary, there probably was little inter-
change between North America and Eurasia of
taxa that represent sections of genera that orig-
inated in restricted parts of one continent or the
other.

This 1s not to deny that taxa may have shifted

to new associations, but these were between the

same general forest types, as in the shift ofa taxon
from the American to the Asian sector of the
mixed deciduous or conifer-hardwood forest.
Examples of such shifts are not readily demon-

strable today because the record is still 100 1"
completely known to determine whether 2 fossil
species in western North America moved.to east-
ern Asia or vice versa. An ancestral Species may
have moved southward and changed more In ON¢
area (‘“derived”) than the other, thus giving nse
to the impression that the “primitive” form M
grated to give rise to the “derived” taxon. Cleil;
ly, the notion that taxa have commonly move

into associations widely different from those i
the ancestral community is not dernonstratcd;'
Some taxa have been restricted upward, out 0

kelloggii

. 4 b &
7 &= She
/ :é
{14 g — ‘
cifolyja Ll
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lobata
garryana

| lyrata
' macrocar pa

associations now too xeric for them, and others  Tertiary province. Figures 29 to 37 illustrate the
have moved to lower elevations where climates present concentrations of some representative
are warmer, but in such cases they are still com-  species of several Quercus sections (from Tre-
ponents of associations in which they were pres- lease, 1924; Camus, 1936-54) and Tables 1 to 3
ent formerly. That is, upland taxa forest earlier indicate the present distribution of oaks in the
®ached to lower levels and sclerophyll taxa to  temperate regions chiefly. It is apparent that
ligher ones under a climate of ample summer whereas species of many sections or subsections

"ain and milder winters (Axelrod, 1976, fig. 4).  of dicots have ranged widely across Holarctica
(see above, Figs. 1-16), only members of the

PasT allied subsects. Prinoideae and Di versipiloseae
2, MESENT IRSTRIBUTION OF LARS occurred throughout temperate Holarctica dur-
‘ ing the Tertiary and earlier, having been recorded

The preceding data provide a basis for inter-  bee
in Spitzbergen, Iceland, Alaska, Siberia, and also

Preting the Tertiary history of oaks in the Arcto-

V
|
|

: : (/0 P inosa
g 5, crodonta
Er : gilliana 5
.’& COCCIFEREAE A @j 7
* rigida 4 (%;
aucheri . A\l pa
coccifera 6}/\‘” X" sénescens ./
‘ s, callipr aquifoloides
ulgurliensiﬂ monimotricha
' semicarpifolia
' guyavae folia
hande liana

: ‘ ' - sian distnbution.
: F 'GURE 32.  Oaks of sect. Cerris represent two subsections that imply former trans-Eura
]

Ossils of each subsection have been recorded in their respective areas during the Neogene.
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FIQURE 33. Taxa of subsect. Phellos, confined now to the southeastern United States, were represented by
species allied to phellos and imbricaria in the Miocene of Oregon.
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FIGURE 34. Taxa of Quercus subsect. Galliferae are recorded in the Neogene of the Mediterranean Dasie.
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FIGURE 36. Northern limit of Eurasian oaks today.

atmiddle latitudes in Eurasia and western North
America. The presence of these allied subsec-
lions (or series) on separate land masses today
and the records of similar fossil species in the far
north in the early Tertiary implies a southward
shift in response to cooling climate and the re-
sultant divergence of two closely allied groups.
The alliance was already at middle latitudes by
the I?aleocene (Brown, 1962, pl. 19) and a fossil
Species of Prinoideae is in the Bull Run flora (40
M.y.a.) of northern Nevada, where it contributed
o cfonifer-deciduous hardwood forest at an ele-

vation .close 10 pure subalpine conifer forest.
Species of most sections and subsections of
Quercus are restricted to one continent or to spe-
cfic parts of it, paralleling those discussed for
other dicots (see above). Their close fossil allies
Uccurred more widely in the Neogene but most
did not range far from their present areas, as
Judged from the record in Europe, Asia Minor,
Jlal;an, China, and western United States (Figs.
“7 ) Examplci:s of wider distribution in the far
coce? are provided by the records of red oaks (aff.
bico; nea, fa(cata, velutina) and chestnut oaks (aff.
OF, prinus, muhlenbergii) in Washington,
Widelon’ and Idaho. Species of sect. Cerris occur
22 aydacross southern Eurasia and the species
) iﬂ west represent different subsections (Fig.
dm’ermplyfﬂg an apcestral alliance adapted to
ditic :m climates differentiated in them as con-
"y ¢ Changed: Most subsections in the genus
fence:w recognized) display only local occur-
Cula:a; as s.hown by subsects. Robur (= Pedun-
s ) (Fig. 35), Phellos (Fig. 33) and many
- Their taxa have not ranged far from their
:’;::21 areas, which have been restricted by
- Ing dry climate that compelled forest and
able ::"tld Species to retreat into locally favor-
As n'm €N montane, habitats (Axelrod,‘ 1979).
kay@& by Trelease (1924), the Californian and
the. Agte O.llmanr} white oaks are unlike those of
Calif ntic region, and the black oaks of the
Mia province are distantly related to those
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British faba

Columbia Gaspe
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macrocar pa

garryana alba

50° —_ —

ellipsoidalis rubra

muhlenb.

prinus ve lut.

40° — -

bicolor /
palustris

FiGurge 37. Northern limit of American oaks to-
day.

of eastern North America and are remote from
those of Mexico-Central America. The relations
imply that these oaks originated in relatively lo-
cal provinces.

Fossil evidence for restriction of species of most
subsections (series) to comparatively local re-
gions and with little or no continental inter-
change during the middle and later Tertiary 1s
consistent with systematic evidence (Tables 1-
3). Furthermore, the restriction of most sections
to their present continental areas, or to parts of
them, is clearly shown by illustrations of the nu-
merous fossil oaks from across the USSR which
are of Eurasian affinity (Takhtajan, 1982). As
Trelease noted (1924), ““the existing oaks of tem-
perate regions have developed since the breaking
of the circumpolar land connection of Tertiary
time: that the genus may have penetrated Europe
by way of the Orient in Cerris and Ilex types;
and that it may have reached America originally
over one or more now vanished land connections

Cretaceous links are implied by the occurrence
of Lithocarpus and Castanopsis (= Chrysolepis)
in California. which are allied to Asian taxa in
warm temperate climates. Furthermore, Litho-
carpus (as Q. nevadensis Lesq. and a distinctive
acorn cup) was already present in California in
the late Early Eocene Chalk Bluffs flora. Together
with the disjunct occurrence of Trigonobalanus
(Y unnan-Thailand-Borneo 10 Colombia), con-
nections are implied across the Atlantic (1) when
it was narrower than at present and prior to the
counter-clockwise rotation of North America, and
(2) when more numerous, now-sunken 1slands
linked these regions (Axelrod, 1972, fig. 25, 1979;

Raven & Axelrod, 1974).
NORTHERN LIMIT OF QUERCUS

Available evidence indicates that most oak
species have not followed many widespread taxa



TasLe 1. Distribution of sections and subsections of Quercus in Holarctica (from Camus, 1936-54).

Subgenus Cyclobalanopsis

Subgenus Euquercus
Sect, Cerris
Subsects.

Brachylepides (15 sp.)

Echinolepides (3 sp.)
Cypniotes (1 sp.)

Cocciferae (4 sp.)

Suber (1)
Macrolepides (9)

Campylolepides (2)

Eucerris (1)

Sect. Mesobalanus
Subsects.
Malacolepides (1)
Macrantherae (3)
(excl. Ponticae)

Sect, Lepidobalanus
Ser. 1. Gerontogeae
Subsects.

Floribundae (6)

Pachyphyllae (5)

Englerianae (1)
Ilex (1)
Diversipilosae (9)
Galliferae (5)
Hartwissianae (1)
Sessiliflorae (6)

Lanuginosae (2)
Pedunculatae (7)

Europe

Mediter.

Basin

Asia
Minor
& Persia

Himalayas
(to Afghan-
1stan)

X

S. China
(Yunnan)

X

C. China

X

NE Asia-
Japan

X

(To Malaysia-Borneo)

(To upper Burma)

(To Annam)
(To Assam, Siam)

8v9
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TABLE 2. Distribution of sections and subsections of Quercus in North America (from Camus, 1936-54).

Ariz.-
Baja Texas-  Central Southern E US-
Calif. Calif. Colo. US US (Canada)
Sect. Lepidobalanus
Ser. 2. Americanae®
Subsects.
Virentes (6) X (W. Tx) X (To E. Mexico)
Dumosae (2) X X X
Griseae (1) X
Oblongifoliae (2) X X X
Undulatae (3) X
Arizonicae (3) X
Douglasiae (1) X
Confusae (4) X
Lobatae (2) X X
Gambelieae (3) X
Prinoidae (7) X X X X
Stellatae (3) X X
Lyratae (1) X X X
Albae (1) X X X
Macrocarpae (1) (relict) X X X

TE."Cl“ding subsects. in Mexico-Central America: also sect. Macrobalanus, first ten subsects. are Madrean 1n

origin.,

"H1erms of a broad Holarctic occurrence during  In this regard, it seems significant that of the 18

::ieTemafY; most species and subsections (or
tion:) Flla\/§ had relatiyely restricted distribg-
Tertié 0ssil oak remains are not common in
lang *Y floras from higher latitudes, as Green-
Sakh, ,Spltlbefgen, Ellesmereland, Alaska, or
Y fa Sl{n- Those that have been illustrated readi-
e “;:0 subsects. Prinoideae and Diversipi-
ali ena’ the leaves r§§embling those of Q. prin.us,
This r’a,."uh[" nbergii, mongolica, and their allle§.
daks arlses the problem as to why other fossil
Eenerane rare (or ab.sent) in floras from latitudes
their noy §b0V§ la.tltude 50°N. Oaks now reach
) andn €rn limit near latitude 50°N (Figs. 36,
fude 60?;]1}' Q. robur %md petraea extend to lat-
doubs i In the Baltic region, an area they no
alure js vaded dl}rlng the Altithermal. Tempef-
rarity altm}: .the Chl.ef factor that accounts for their
el igh lat.ltudes in the Tertiary. Those
16) inmlt)hpongd rich deciduous forests (Figs. 1-
only ol Middle Neogene (15-16 Ma), yet the
Oldege- g-encqufltered there are those of Pri-
latitudes versipiloseae. Most oaks occupy
Chtray: well below 40°N and the highest con-
Ceﬂtral OXS o ff in lat}tudes 15-30°N, in Mexico-
Outhegst me"C? (with some 150 species), fmd
May be | ﬁm China. Judging from Figure 38, light
limiteq the principal factor that limits, and has

' "€ northern distribution of most oaks.

species that now reach latitude 45-50° (Figs. 36,
37), five are members of the Prinoideae-Diver-
sipiloseae, which had a wider distribution 1in the
Paleocene and later, reaching above latitude 60°N

into the middle Miocene.

EVOLUTION

Oaks comprise one of the more active groups
of woody plants in terms of evolution during the
Tertiary. There are now about 280 to 300 species
and scores of hybrids are recognized. The great
plasticity of the group is apparent in the con-
vergence in similar leaf form and acorn type
among species belonging to different sections of
the genus. Oaks proliferated in generally restrict-
ed regions, chiefly in response 10 increasing to-
pographic, climatic and edaphic diversity during
the middle and later Tertiary. In addition, there
were certain times when climatic extremes in-
creased sharply, as at 35, 13, and 5 Ma (refs.
in Axelrod, 1981; Kennett, 1981), as well as dur-
ing Quaternary fluctuations. These major cli-
matic shifts may have corresponded with times
of especially rapid speciation in oaks (and other
taxa) as older alliances disappgared and more
open communities became avax.lable..

An example of such a radiation 15 sqggested
by the history of Quercus wislizenii and 1ts close



TasLE 3. Distribution of sections and subsections of Quercus in North America (from Camus, 1936-54).

N. Baja Southern Central Eastern NE US
California Arizona Calif. N. Mexico US US US & Canada

Sect. Protobalanus (6) X X X

Sect. Erythrobalanus?

Subsects.
Durifoliae (1) X X
Agrifolhiae (2)
Vimineae (1) X
Hypoleucae (1) X
Saltillenses (3) X
Myrtifoliae (1)
Phellos (5)
Marylandicae (3)
Laeves (1)
Pagodaefohiae (2)
[licifoliae (1)
Palustres (2) X
Velutinae (1)
Coccineae (4) X X X
Californicae (1) X

(to S. Oregon &
Baja Calif))

* Excluded are all subsects. in subtropical Mexico—Central America.

S

o
Lol
ol

>

”
<
ot X K K
ottt e

0S9

NAJAVO TVOINV.LOE IMNOSSIN FHL 40 STYNNY

0L “10A]



AXELROD—-0OAKS 651

1983]

| —

2 = £ - 40° North Latitude
{ Hrs Nophlat : ’
22 66%° : i  North America
|
|

ro
o

[ )
oo

Vernal equinox

| —.
AR R AR S R R R —— —

P
o

Duration of days with latitude

B I I W

Autumnal equinox

: ! é' Eureka
! 0
| | al Indi .
, el ndianapolis
=1
| ’éu .
: Philadelphia
l
| : Europe
l
q
Lisbon

NS
e 4 Al A i
| 4 4 Tip of Italy
8 et "°-L3' s
‘ i b | B ' Asia
! : i Q|
6 ! l |
‘ & e | | Ankara
; El ;
o T SRR 2r 4..+_+
’ N : | ! ‘ Baku
. 2 e | ’ |
| A | : 1 '
0 ' | | ' | N Peking
/ St " TR TERREN T T T R R (R ] i

FIGURE 38. Most oaks are adapted to short days at lower latitudes. Percentage figures indicate the approximate

“Presentation of oaks in the indicated latitudinal belts. (Figure from Strahler & Strahler, 1977,

X, Q. f"iSIizenoides and Q. shrevoides ined.,
0. tw:;;; Slm.i.lar to those produced by the living
e ;zemz and Q. shrevei. The fossils com-
! he ﬂz ofm the dominants to subdominants of
' thag thr:S In which they occur. Figure 39 shov.vs

West. alliance appears first as shrevoides in
| " Ne:,emral Nev?da and shifts westward to Sier-

0 Shr::la (Remmgton Hill flora) and 1s now (as
' Calime.e /) in th€. outer south Coast Rangeg of
- Moides rla°l As climate became drier, wislize-

Verg; Te Placed shrevoides in western Nevada
‘ faNev’ad:u e ﬂo.ras) and then in the lower Sier-
| n adap; and the inner Coast Ranges. The shifts

Menta ::;e type seem related to major environ-
- Ma) ang 'anges in the upper Miocene (13-12
 has Cleaﬂm the latest Miocene (5-6 Ma). There
| Y been a coastward restriction from the
. w’;‘:;fada desef‘t.of the presumed anf:estral

1o Mesic l: es-shrevej line which has contributed
: roadleaved sclerophyll forest for fully

18.5 million years. Quercus wislizenoides-wisli-
zenii have typified semiarid oak-grassland wood-
land vegetation since the later Miocene, shifting
from Nevada into California as conditions be-
came drier and cooler to the east as the Sierran
block was elevated. Fossil records of the shrubs
are not now known, but their ecologic relations
suggest that parvula is older than frutescens.

As for their origin, oaks of the wislizenii alli-
ance are related to the series Peninsulares Tre-
lease (Q. peninsularis, Q. devia) of Baja Califor-
nia. Peninsulares are allied to Durifoliae (Q.
emoryi, durifolia) of the southwestern United
States and northwestern Mexico, and to the Vi-
mineae (Q. bolanyosensis, duranzillo, balsequil-
lana. viminea) of the northern Sierra Madre Oc-
cidental. The Peninsulares, Durifoliae, and
Vimineae represent taxa adapted to subhumid
to semiarid areas with summer rain; whereas Q.
shrevoides and wislizenoides, which lived earlier
under biseasonal rainfall, have adapted .to the
dominant winter-rain climate of Califorma. Pe-
ninsulares were restricted to their present area
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FIGURE 39. Inferred relations of oaks of the Quercus wislizenii complex (see text).

as the lowlands became drier; they live in a young

mountainous region, one elevated only in the last
two to three million years (Gastil et al., 1975).

The Durifoliae ranged more widely in the past,
as shown by records of fossil oaks allied to 0.

emoryi in the Tehachapi (17 Ma) and Mint Can-

yon (12 Ma) floras, southern California. The pre-

ceding data imply that these series probably are
ancient and survived in favorable environments

as drier climates spread more widely in the late

Cenozoic. To judge from the modern aspect of

oaks of subhumid requirements in the Florissant
flora (34 Ma), the wislizenii complex and its al-

liefi series may have diverged from an ancestral
alliance in Oligocene time.

The present disjunct subsections of sect. Cerris
and Suber across Eurasia and of the Albeae (incl.
Lobateae) and Rubreae (incl. Coccineae) across
the United States also reflect restriction following
the spread of drier climate and of a shift in sea-

far Wesl. Markcd

infall distribution in the |
sonal rainfall il Agi

ridity had developed over SO .
:nd Igorth Americ:;y the midfile EOCC“:JE:
may have been the time of origin of somus o
major subsections (or series) of the 'gCIH i;‘ he
climates commenced to spread rapidly o
middle Miocene as the Tethys Sea was desForC“
and as ice spread on Antarctica (13 Ma). F%

a basis for the origin of numerous

- non e
as founder populations exp.lomi:d these |

vironments. With rapid shifts
stability in populations, the. e
been the rapid origin of distinct
ulating the phenomena of puanua
In the central Cordilleran region ©
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and enters the lower part of the adjacent mixed
conifer forest in rocky canyon walls and exposed
areas. Quercus vaccinifolia, clearly derived from
Q. chrysolepis, ranges from the upper mixed co-
nifer forest into fir-subalpine forest and locally
reaches close to tree-line. These taxa occur in

States, sequences of floras from the middle Eocene
1o the early Miocene (Green River, Florissant,
Beaverhead, Ruby, Creede) show that numerous
laxa (1.e., Cercocarpus, Colubrina, Mahonia,
Peraphyllum, Philadelphus, Rhus, Sapindus,
many small legumes) that imply drier climates

— RN R — ——_

|

were spreading over the area. A small-leaved,
lobed Eocene white oak (Q. lyratiformis Cock-
erell) in the Florissant flora (35 Ma) is the only
record of the group in older floras (Fig. 40). It
may be suggested that it spread east and west
N0 moister terrains, developing into larger-
leaved species in eastern (alba, macrocarpa, ly-

‘ala) and western (lobata, gambelii, garryana)
areas.

The problem of the origin and relationships of

the lobed red (black) oaks, subsects. Coccineae-
Rubreae (incl. Q. kelloggii), is not readily solved
0day. The oldest black oak is the early Eocene
Cha!k Bluffs Q. eoxalapensis MacGinitie (1941),
but “. dppears quite unlike an ancestral type for
Coccineae-Rubrege. A possible ancestral form
may be Q. peritula Cockerell from the late Eocene
''spread east and west into more humid climates
“nd developed larger leaves, it may have given
¢ 10 Coccineae-Rubreae. On this basis, the
;Tmﬂ‘er:l tastand west of the Cordillera would have
oss ln. some respects. The western Miogene
dhip I(S)Demes, some undgscribed, show relation-
— 8 falcata, coccinea and velutina of the
e nited State§ and to Q. kelloggii of the
CXpr;ess € moderate dlﬂ‘grences east and west may
s alsno more than fol.lar plasticity in the group.
Stnkin 0 \:’wdent that in some floras (Mascall,
bfidizatgi ater) there appears to have been hy-
On among the lobed oaks.

RADIATION

vefyo :‘li Natural subsections have radiated iqto
of secy zl‘;e envxrqnments. Fo'r Instance, species
tion Z(.me rysolepideae occur in §everal vegeta-
e ende 5. Quercus tomentella is a woodland
and to Gmlc 1o 1slands of.f southern .Callforma
COne pin:?dalupe Island; it occurs with closed-
ands, o Orest on Santa Cruz and G.uadalupe

+ KUercus cedrosensis is a shrub in coastal

: One’:g:lﬁlrral, and closed-cone pine vegetatiqn
Camomia € coastward sl.(?;.)es of nonhe.m Baja
CChapa. Quercus dunnii is a co?dommant of
fmAn'zo,:r al of southern Calnfox:nna and sogth-
Pread evea. Quercus chrysolepz:v is a large, wide-
Vergreen frgr °en tree that dominates the mixed
orest (sclerophyll forest) of California

lorissant flora (MacGinitie, 1953) (Fig. 40). If

areas with precipitation as low as 300 mm (12
in.) and as high as 2,500 mm (100 1n.) and the
montane sites have heavy snow. The growing
season may last fully seven months (Ensenada)
or be as brief as two to two and a half months
(above Twin Lakes, California).

In sect. Cerris subsect. Brachylepides, which
is largely in the area from central China to Yun-
nan, Q. semicarpifolia, aquifoloides, pannosa, and
gilliana range up to 3,000 to 4,000 m in Yunnan.
Since the age of the mountains 1s established, the
rate of adaptation of these taxa to high montane
conditions, and their derivation from ancestral
species, can be estimated. Clearly, field studies
of radiation of natural cohorts in Quercus can be

quite rewarding.

DOMINANCE

Evidence in northeastern Asia suggests that
although Q. mongolica was present there (as Q.
protodentata) as a regular member of the Mio-
cene rich deciduous forest, pollen studies indi-
cate that the present oak forests dominated by
Q. mongolica are late Quaternary (in Ablaev &
Gorovoi, 1974). A similar relationship 1s indi-
cated for the dominant lowland oak communi-
ties in California and Arizona as judged from
late Pleistocene fossil floras and from evidence
provided by wood-rat middens. Fossil species
allied to Q. agrifolia, douglasii, engelmannii, and
wislizenii are recorded in Miocene and Pliocene
floras as members of rich sclerophyllous wood-
land. The living species that form pure stands at
low elevations adjacent to grassland have adapt-
ed to these drier areas more recently and rep-
resent new monoclimax communities. A similar
relationship is indicated for Q. emoryi and Q.
oblongifolia, which dominate as pure commu-
nities at the edge of grassland and above the
desert which supported rich woodlands 1nto the

latest Pleistocene.

SUMMARY

The preceding review of the present distribu-
tion of oaks and areas of their fossil occurrence

leads to the following tentative conclgsfons. |
1. The Fagaceae, which probably originated in
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the montane tropics, had migrated across the
ropics via the Atlantic and had diverged into
the principal living genera by the later Creta-
CE0Us.

2. Following the Eocene, oaks underwent rapid
evolution chiefly in regions of mild to warm tem-
perate climate as cooler and drier conditions
spread and especially in areas where terrain di-
versity was increasing rapidly, as in Mexico-Cen-
, iral America, the southwestern United States, the
|

Mediterranean basin and southeastern Asia.

3. Oaks were rare at higher latitudes during
the Tertiary even though temperature was mild
and well suited for numerous deciduous hard-
Woods and conifers. Northward distribution of
most oaks evidently was controlled primarily by
ight (long day) north of latitude 50°.

4. Many sections and subsections (or series)
ire confined to local sectors of the continents and
or the most part their antecedents have inhab-

' ited the .same general areas, although they ranged
More widely prior to the spread of grassland and
- desert climates. This is paralleled by sections of
other genera (1.e., Acer, Alnus, Betula. Pinus) that
Jcur locally on the continents, although other
Clions of these and many other genera have
been §nd are still widespread on the continents.
| Also linking the present disjunct forests are nu-
Merous allied forest herbs, many of which have
thanged only slightly since the Miocene. To-
iﬂlher with the trees and shrubs they form the
oroken floristic threads that make up the surviv-
' ;;‘8 Matrix of the temperate Arcto-Tertiary Geo-
' T4, whose demise has been certainly misrep-
'sented.
| mi. Few paks have linked North America-Eur-
' rm;iifnsmtem with their evolution in genera.lly
by ed parts gf .the continents. Only the allied
l s ts.'Dzverszp.zloseae and Prinoideaehave oc-
’ vied higher latitudes and their derived species

st .
! occur On all the northern continents. Taxa

| Of,:::]y a few SCCti.ons have ranged across North
and V§a " El.lrasm, notably Al/beae, Coccineae,
' ('mob';;’ntes .t the former, Cerris, Suber, and
| &R 4nopsis (probably) in Eurasia.
S5l ande fise of oaks to dominate temperate for-
f Woodlands appears to be a phenomenon
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of the later Cenozoic, one afforded by selection
for greater drought and higher temperature at
lower levels (California-Arizona, Spain-Turkey)
and by cold in the interior (Manchuria-Primorye,
central U.S.).

7. Species of subsections (series) of Quercus
radiated from subtropical and warm temperate
into subalpine environments as mountains were
elevated 1n the late Tertiary; ecologic studies of
these cohorts should prove illuminating.

8. Further progress in understanding oak evo-
lution will depend not only on obtaining addi-
tional fossil plants and re-evaluating those in old-
er collections, but also on taxonomists providing
a more realistic grouping of taxa into natural

alliances.

LITERATURE CITED

ABLAEV, A. & P. G. Gorovol. 1974. Fossil oaks of
Primorye, USSR, and the origin of oak forests.
Lethaia 7: 163-169.

ABLAEV, A. G., 1. V. VassiLIEv & P. G. Gorovol. 1974
[1976]. Floristic associations between East Asia
and North America: a study of the ranges of some
recent and fossil plants in Primorye, U.S.S.R. Pa-
leobotanist 23: 49-54.

AxeLroD, D. I. 1952. A theory of angiosperm evo-
lution. Evolution 6: 29-60.

. 1958. Evolution of the Madro-Tertiary Geo-

flora. Bot. Rev. (Lancaster) 24: 433-509,

. 1959. Poleward migration of early angio-

sperm flora. Science 130: 203-207.

. 1960. The evolution of flowering plants. Pp.

227-305 in S. Tax (editor), Evolution After Dar-

win, vol. 1, The Evolution of Life. Univ. Chicago

Press, Chicago.

. 1966. The Pleistocene Soboba flora of south-

ern California. Univ. Calif. Publ. Geol. Sci. 60: 1-

109.

1972. Ocean-floor spreading in relation to

ecosystematic problems. /n R. T. Allen & F. C.

James (editors), A Symposium on Ecosystematics.

Univ. Arkansas Mus. Occas. Pap. 4: 15-76.
~1976. History of the conifer forests, Califor-

nia and Nevada. Univ. Calif. Publ. Bot. 70: 1-62.
~1977. Outline history of California vegeta-
tion. Pp. 139-194 in M. Barbour & J ngor (ed-
itors), Terrestrial Vegetation of California. John
Wiley & Sons, New York.

~1979. Desert vegetation, its age and origin.
Pp. 1-72 in J. R. Goodin & D. K. Northington
(editors). Arid Land Plant Resources. Internat.

e central Cordilleran region by the close

Small-leaved sclerophyllous oaks had appeared over th— |. 4. Q. scudderi Knowlton;—2, 3, Q.

i A .
| FiGugg 4
~ Wthe Egcen, s

Predg Ne. These are from the Florissant flora (MacGinitie, 1953).

tura) Size),

\ng i MacG..—5. 6. Q. mohavensis Axelrod;—7, 8. Q. peritula Cockerell;—9. Q.

lyratiformis Cockerell



656

Center for Arid and Semiarid Land Studies, Texas

Tech. Univ., Lubbock, Texas.

. 1980. History of the Maritime Closed-cone

Pines, Alta and Baja California. Univ. Calif. Publ.

Geol. Sci. 120: 1-143.

. 1981. Roleof Volcanism in Climate and Evo-

lution. Special Pap. Geol. Soc. Amer. 185: 1-59.

& P. H. RAveN., 1972, Evolutionary biogeog-
raphy viewed from plate tectonic theory. Pp. 218-
236 in J. A. Behnke (editor), Challenging Biolog-
ical Problems, Directions Toward Their Solution.
Oxford Univ. Press, New York.

BrownN, R. W, 1962. Paleocene Flora of the Rocky
Mountains and Plains. U.S. Geol. Surv. Prof. Pap.
375: 1-119.

Camus, A. 1936-54. Les Chenes. Monographie de
genre Quercus. 3 Tomes. T. 1, 1936-38; T. 2, 1938-
39; T. 3, 1952-54. P. Lechevalier, Paris.

Cowan, D. S. 1982. Geological evidence for post-40
m.y. B. P. large-scale northwestward displacement
of part of southeastern Alaska. Geology 10: 309-
313.

DeTLING, L. E. 1953. Relictislands of xeric flora west
of the Cascades in Oregon. Madrono 12: 39-47.

. 1958. Pecularities on the Columbia River

Gorge flora. Madrono 14: 160-172.

1961. The chaparral formation of south-
western Oregon, with consideration of its postgla-
cial history. Ecology 42: 348-357.

FRANKLIN, J. F. & C. T. DrynNess. 1973. Natural
Vegetation of Oregon and Washington. USDA
Forest Service General Technical Rept. PNW 8.
417 pp.

GAsTIL, R. G, R. P. PHiLLIPs & E. C. ALLIsON. 1975.

Beconnaissance Geology of the State of Baja Cal-
ifornia. Mem. Geol. Soc. Amer. 140: 1-170.

GRANTZ, A. ET AL. 1982. The continental margin of

North America from the Queen Charlotte Islands
to the Gulf of Alaska. Geol. Soc. Amer., Abstracts
with Programs 14(7); 501.

HamiLToN, W. 1983. Cretaceous and Cenozoic His-
tory of the Northern Continents. Ann. Missouri
Bot. Gard. 70: 440-458.

HAN.SEN, H.P. 1942. A pollen study oflake sediments
in the lower Willamette Valley of western Oregon.
Bull. Torrey Bot. Club 69: 262-280.

1947. Post-glacial forest succession, climate
and chronology in the Pacific Northwest. Trans.
Amer. Philos. Soc., n.s. 37: 1-130.

KENNETT, J. P. 1981. Marine tephrochronology. Pp.
1373-1436 in C. Emiliani (editor), The Sea, vol.
7, The Oceanic Lithosphere.

KORNAS, J. 1972. Corresponding taxa and their eco-

logical background in the forests of temperate Eur-
asia and North America. Pp. 37-59 in D. H. Val-

entine .(editor), Taxonomy, Phytogeography and
Evolution. Academic Press, London and New

York.

LeoroLD, E. B. 1967. Late Cenozoic patterns of plant

extinction. Pp. 203-246 in P. S. Martin & H. E.

Wright, Jr. (editors), Pleistocene Extinctions: The

Search for a Cause. Yale Univ. Press, New Haven.

York and London.

ANNALS OF THE MISSOURI BOTANICAL GARDEN

. 1969. Late Cenozoic palynology. Pp. 377-
435 in R. H. Tschudy & R. A, Scott (editors),
Aspects of Palynology. Wiley-Interscience, New

[VoL. 70

LitTrie, E. L., JrR. 1971. Atlas of United States Trees,
Vol. 1. Conifers and Important Hardwoods. U.S.
Dept. Agric., Forest Service, Misc. Publ. 1146. 200
maps.

MAcGINnITIE, H. D. 1941. A Middle Eocene Flora
from the Central Sierra Nevada. Publ. Carnegie
Inst. Wash. 534: 1-178.

. 1953. Fossil Plants of the Florissant Beds,

Colorado. Publ. Carnegie Inst. Wash. 599: 188 pp.

. 1969. The Eocene Green River Flora of
Northwestern Colorado and Northeastern Utah.
Univ. Calif. Publ. Geol. Sci. 83: 1-140. ~!

Mason, H. L. 1947. Evolution of certain floristic
associations in western North America. Ecol
Monogr. 17: 201-210.

MEDWECKA-KORNAS, A. 1961. Some ﬂoristi.ca!ly and
sociologically corresponding forest associations if
the Montreal region of Canada and in central Eu-
rope. Bull. Acad. Polon. Sci., Ser. Sci. Biol. 9(6):
255-260. ‘

MeuseL, H. 1968. Die pflanzengeographische Ozean-
itatsgliederung der Holarktis und die Ozeamtﬁtst
bindung der Pflanzenareale. Feddes Reperi. 79.

157-335. | p
1969. Beziehungen in der Florendifferenzi

erung von Eurasien und Nordamerika. Flora, Abt.
B, 158: 537-564. N |
& R. SCHUBERT. 1971. Beitrage zur Pflanzen
geographie des Westhimalajas. 1. Teil: Di¢ Areal-

types. I1. Teil: Die Waldgesellschaften. H(I}.li.:lgi
Die pflanzengeographische Stellung und 1 375 ‘

rung des Westhimalajas. Flora 160: 137-19
432, 573-606. g
E. JAGER & E. WEINERT. 1960 Vergle! ’
chende Chorologie der Zentraleuropéische
Karten. v. 1. J. Fischer, Jena. 1968
: . S. RauscHERT & E. WEINERT. e
Vergleichende Chorologie der Zentraleuropd!
en Flora. Karten, v. 2. J. Fischer, Jena. a0
MULLER, J. 1981. Fossil pollen records of ex:;ﬂ '
giosperms. Bot. Rev. (Lancaster) 47: 1-1 R.EID &
PLuMLEY, P. W., R. S. CoLE, T. BYRNE, M. R. gl
J. C. MooRre. 1982. Paleomagnetisi Of‘:h =5
rocks of the Kodiak Islands indlcalef no |
latitudinal displacement. Nature 300: :
RAVEN, P. H. & D. 1. AXELROD.
biogeography and past contin€r
Amgl. I\rgili-ilso:ri Bot. Gard. 61: 539-673. ¢ porth
ScHOFIELD, W. B. 1969. PhytogeograPhy & .,
western North America:sb?(')()?r)h)"es an
lants. Madrono 20: 155-2U/.
SM!TI:-I, A. G.. A. M. HurLEY & J. C. BRIDEN
Phanerozoic Paleocontinental Maps.
Univ. Press, London and New York. 977.

SOKOLOV, S. JA., O. A. SVIAZEVA& V. USSlio T. 1,
Areographia Arborum fruticumque * USSR, I
Taxaceae-Aristolochiaceae. Acad. o ovil. PP -
stit. Botanicum Nomine V. L. Kom

164. , rates
Steeins, G. L. Jr. 1947. Evidence % and fosst
lution from the distribution of € 29158
plant species. Ecol. Monogr. 17: 1 1977. Geo¥
STRAHLER, A. N. & A. H. STRAHLER. Wiley & S008
raphy and Man’s Environment. John
New York and London. ,
TAKHTAJAN, A. (editor). 1982. Fossil Fl

omrinlm” .



1983 AXELROD—O0OAKS 657

of the USSR. Vol. 2, Ulmaceae-Betulaceae. Akad.
Nauk SSSR. Instit. Botanicum Komarovianum.
216 pp. 172 plates. (In Russian.)

TanaL T. & N. Suzuki, 1960. Miocene maples from
southwestern Hokkaido, Japan. J. Fac. Sci. Imp.
Hokkaido Univ., Ser. 4, Geol. 10(3): 551-570.

& A. YokovyAMA. 1975. On the lobed oak
leaves from the Miocene Kobe Group, Western
Honshu, Japan. J. Fac. Sci. Hokkaido Imp. Univ.,
Ser. 4, Geol. 17: 129-141.

TRA{AU, H. 1963. Asiatic dictoyledonous affinities
In the Cainozoic flora of Europe. Kongl. Svenska
Ventenskapsakad. Handl., Fjarde Ser. 9(3): 1-87.

TRELEASE, W. 1924. The American Oaks. Mem. Natl.
Acad. Sci. 20: 1-255.

WALTER, H. 1970. Einfuhrung in die Phytologie, vol.
3, no. 2. H. Straka, Arealkunde: floristisch-histo-
rische Geobotanik. Eugen Ulmer, Stuttgart.

WoLFE, J. A. 1969. Neogene floristic and vegetational
history of the Pacific Northwest. Madrono 20: 83—
110.

. 1972. An interpretation of Alaskan Tertiary

floras. Pp. 201-233 in A. Graham (editor), Flo-

ristics and Paleofloristics of Asia and Eastern North

America. Elsevier Publ. Co., Amsterdam-Lon-

don-New York.

. 1977. Paleogene Floras from the Gulf of

Alaska Region. Prof. Pap. U.S. Geol. Surv. 997:

1-107.



